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ABSTRACT 

The main objective of this research was to develop a cost-effective ultra-high performance 

concrete (UHPC) for bonded bridge deck overlays. The high durability and mechanical 

properties of such repair material can offer shorter traffic closures and prolong the service life of 

the bridge deck. The UHPC was optimized using supplementary cementitious materials (SCMs), 

proper combinations of sands, and adequate selection of fiber types and contents. Packing 

density studies included paste, sand, and fiber combinations. The robustness of optimized UHPC 

mixtures to variations of mixing and curing temperatures was examined. The efficiency of 

various shrinkage mitigation approaches for reducing autogenous and drying shrinkage of 

optimized UHPC mixtures was evaluated. This included the use of CaO-based and MgO-based 

expansive agents, shrinkage-reducing admixture, and pre-saturated lightweight sand. Test results 

indicate that the optimized UHPC mixtures exhibited relatively low autogenous shrinkage and 

drying shrinkage. All tested UHPC mixtures exhibited high mechanical properties and excellent 

frost durability. The use of 60% lightweight sand led to a significant reduction in autogenous 

shrinkage from 530 to 35 µε. The optimized UHPC mixtures were cast as thin bonded overlays 

of 25, 38, and 50 mm (1, 1.5, and 2 in.) in thickness over pavement sections measuring 1 × 2.5 

m
2
 (10.7 x 27 ft

2
). Early-age and long-term deformation caused by concrete, humidity and 

temperature gradients, as well as cracking and delamination were monitored over time. Test 

results indicate that there was no surface cracking or delamination in UHPC overlays after more 

than 200 d of casting. After laboratory investigations, a life cycle cost analysis (LCCA) was 

determined for the selected concrete mixtures with different mixture compositions and 

performance characteristics. Results indicate that, based on both deterministic and probabilistic 

results, UHPC overlay with minimum 25 mm (1 in.) thickness is a more cost-effective option 

compared with other commonly used materials, such as latex-modified concrete and 

conventional bonded concrete overlays. 
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1. INTRODUCTION 

1.1. NEED FOR RESEARCH  

Rigid concrete pavements consist usually of base and sub-base layers which last for 300 

to 40 years or more. On the other hand, while the wearing coarse materials has a shorter service 

life. Intensive efforts are devoted to introducing a new generation of materials to enhance the 

performance of surface wearing layers in concrete pavements, thus prolonging the service life of 

pavement system. Given their superior mechanical properties and durability, overlays cast using 

ultra-high performance concrete (UHPC) can provide significant improvement in durability and 

service life of the pavement. In addition, the absence of mechanical consolidation due to the high 

fluid nature of the UHPC materials can reduce construction time for the installation of a new 

overlay and/or the rehabilitation of an existing pavement system.  

Degradation of concrete bridge decks can be found in the form of spalling, delamination, 

scaling due to poor material design, freeze-thaw damage, and/or corrosion of reinforcing steel 

bars associated with the infiltration of chloride ions and moisture or inadequate clear cover 

(Shann, 2012; Krauss et al., 2009). Overlays are often applied to bridge decks to protect the 

superstructure from these deterioration mechanisms (Knight et al., 2004; Griffin et al., 2006). 

Traditional overlays have several limitations, such as a relatively short service life, typically 

between 5 and 25 years. This can result in continuous maintenance, repair, and replacement of 

the bridge system. Furthermore, overlay construction often requires the use of experienced 

contractors and specialized equipment for proper implementation. The latter can significantly 

increase the dead load. The use of some overlay materials often develop compatibility issues 

associated with differences in time-dependent properties between the existing concrete and 

overlay materials (Shann, 2012; Krauss et al., 2009).  

Due to cost considerations and weight limitations, the thickness of overlay materials used 

in pavement and bridge decks is generally limited. In general, shallow overlays are more prone 

to have a high risk of shrinkage cracking. Therefore, the incorporation of the proper type of steel 

and/or synthetic fibers is sometimes used to minimize the risk of cracking and delamination. In 

addition, the use of fibers can reduce the depth of pavement overlay, thus reducing the overall 

costs and speeding up the construction process (Shann, 2012). This research aimed at developing 

thin UHPC overlays that can be used bridge deck construction and rehabilitation. 



 

2 

 

1.2. OBJECTIVE AND SCOPE OF WORK 

The main objective of this research is to develop a cost-effective UHPC material for thin 

bonded overlays targeted for bridge deck applications to enhance the service life.  

A comprehensive investigation involving laboratory material performance evaluation was 

conducted to develop the mixture design methodology and validate the material performance. 

The research project consisted of following main tasks: 

 Developed a systematic mixture design procedure of UHPC to achieve a densely-

compacted cementitious matrix with enhanced fresh and mechanical properties and 

relatively low cost. A number of cost-effective UHPC mixtures, including high-volume 

supplementary cementitious materials (SCMs), conventional concrete sand, and relatively 

low fiber content were proposed. The mixtures were evaluated to determine key 

properties, such as workability, shrinkage, and durability. 

 Evaluate the robustness of optimized UHPC mixtures due to temperature variations. 

Robustness was evaluated for UHPC made with silica fume, Class C fly ash, and ground 

granulated blast-furnace slag at different casting and curing temperatures of 10, 23, and 

30 °C (50, 73.4, and 86 °F). The investigated properties included rheology, workability, 

setting time, mechanical properties, as well as autogenous and drying shrinkage. 

 Given the critical effect of autogenous and drying shrinkage on the performance of thin 

overlay systems, the benefits of using the combined addition of shrinkage mitigating 

admixtures along with lightweight sand were evaluated. The effect of initial moist curing 

on shrinkage and compressive strength of the UHPC was of special interest. 

 The performance of optimized UHPC mixtures for thin-bonded overlay applications was 

investigated for relatively small concrete pavement sections made with thin overlays 

made with different materials and thicknesses. Emphasis was placed on the evaluation of 

shrinkage deformation and the variations of relative humidity (RH) and temperature 

through the overlay material.  

 The life cycle cost analysis (LCCA) of the optimized UHPC mixtures made with 

different mixture compositions and performance characteristics was investigated. The 

LCCA provided an engineering economic analysis tool that can allow transportation 

officials to quantify the differential costs of alternative investment options for a given 

project.  
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2. LITERATURE REVIEW 

2.1. NEED FOR CONCRETE OVERLAYS 

A large percentage of bridges in the United States will reach their design service life in 

the upcoming decades. More than 11% are currently listed as structurally deficient, and over 

12% are rated as functionally obsolete (Shann, 2012; Krauss et al., 2009). The quality of the 

concrete bridge decks can be one of the main factors to cause the degradation of an entire bridge 

system (Knight et al., 2004). This is because the deck provides not only the riding surface, but 

also as acts as a barrier against environmental impacts, such as de-icing agents, various 

environmental conditionsas well as traffic loading and abrasion, which can lead to bridge deck’s 

degradation (Krauss et al., 2009; Krstulovic-Opara et al., 1995).  

The main purpose of constructing concrete overlays is to optimize and/or extend the 

remaining life of the existing bridge deck by placing an additional layer of concrete above it. The 

benefits of concrete overlay include expedited construction, reduced cost, increased structural 

integrity, improved riding quality, and protection of the structure against deleterious 

environmental effects. 

Concrete overlays on pavements or bridge decks can strengthen the structure against 

further deterioration due to fatigue cracking. They are also effective means to enhance pavement 

sustainability by improving surface reflectance, increasing structural longevity, and enhancing 

surface profile stability. The overlays can serve as complete preventive maintenance or 

rehabilitation solutions or can be used in conjunction with spot repairs of isolated distresses. In 

addition, concrete overlays can provide cost-effective solutions for pavement and bridge deck 

repairs. Concrete overlays can be placed using conventional concrete pavement practices. One of 

the best benefits of the concrete overlay is that the pavement or bridge can be opened to traffic 

within a day of placement as well as use of accelerated construction practices throughout the 

normal construction season (Shann, 2012). 

Concrete overlays can be categorized into two types: bonded concrete overlay and 

unbonded concrete overlay. In bonded concrete overlays, there are ultra-thin and thin 

whitetoppings and bonded concrete overlay. These concrete overlays require good bond between 

the concrete overlay and the existing pavement. In unbonded concrete overlays, there are 

conventional whitetopping and unbonded overlays (Shann, 2012). 
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2.2. BONDED AND UNBONDED CONCRETE OVERLAYS 

A bonded concrete overlay is a relatively thin concrete that is used to resurface an 

existing concrete pavement or bridge deck. Such overlay is typically 50 to 100 mm (2 to 4 in.) in 

thickness, and its performance depends on the bond strength of the overlay to the existing 

pavement. The purpose of a bonded concrete overlay is to rehabilitate deteriorating concrete 

pavement to increase load capacity and ride quality. A bonded concrete overlay is recommended 

when the existing pavement is considered to be in fair or good condition with minor surface 

distresses and less than a few punch-outs per lane mile (Kim, 2011). 

An effective bond is necessary in the case of the bonded concrete overlay. Proper bond 

will provide monolithic behavior, ensuring that the stiffness of the rehabilitated pavement can 

carry the traffic load as one structure. Since bonded concrete overlays rely on the existing 

pavement to assist in carrying the traffic load, the condition of the existing pavement affects the 

performance of the rehabilitated pavement. Proper repairs or upgrades should be made to provide 

adequate support as required by design. In addition, if joints are made, well designed joint 

spacing helps to reduce curling and bending stresses due to traffic and environmental loads. It is 

crucial that the transverse joints in the bonded concrete overlays match those in the existing 

pavement to promote monolithic behavior. 

In a bonded concrete overlay, different modes of failure can occur, and the loss of bond is 

one of the critical issues. The bond between the overlay and the existing pavement can be lost 

due to lack of quality control in surface preparation or placement during construction. Another 

failure mode is delamination due to differences in coefficient of thermal expansion (CTE). If a 

bonded concrete overlay has a CTE that is greater than that of the existing pavement, the overlay 

can expand or contract more than the existing pavement. This results in shear stress at the bond, 

and eventually cracking and delamination of the overlay. Generally, these stresses are greater at 

the edges of the overlay section and along cracks compared to bonded areas in the middle of the 

section. This is due to curling and warping at the top of the overlay as temperature and moisture 

change more rapidly at the top surface than that of the rest of the slab depth (Kim, 2011). 

On the other hand, an unbonded concrete overlay is categorized as relatively thick 

concrete overlay used to resurface an existing concrete pavement. This type of overlay is 

typically 130 to 280 mm (5 and 11 in.) in thickness and is designed to perform without bonding 

to the existing pavement. The unbonded concrete overlay is used when the existing pavement is 
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severely deteriorated with major surface distresses. A separation layer is used to maintain 

separation between the concrete overlay and the existing pavement to ensure that cracks are not 

reflected through the overlay material (Kim, 2011). 

Several factors play a significant role in determining the performance of unbonded 

concrete overlays. The effectiveness of the separation layer is critical. An effective separation 

layer should act as a shear plane that prevents the migration of cracks from the existing pavement 

into the overlay. In addition, the separation layer prevents bonding between the new and the old 

layers allowing them to move independently. Also, a well-constructed drainage system can 

prevent the building up of pore pressure from the traffic loads. The system serves to prolong the 

life of the overlay by reducing pumping, asphalt stripping of the separation layer, faulting, and 

cracking. 

Different failure modes can take place in unbonded concrete overlays. The failure due to 

an inadequate separation layer is one of them. The separation layer prevents reflective cracks. If 

the new overlay is not structurally separated from the deteriorated existing pavement, the 

movement of the two structures will affect each other, which will induce heavy reflective stress 

to the overlay. In addition, poor drainage can be considered as another failure mode. The higher 

elevation of the pavement necessitates a change in the drainage grade lines. Additional right-of-

way may be required to provide the proper slopes for the ditches (Kim, 2011). 

The characteristics of various overlay materials are compared in Table 2-1. Each overlay 

material has advantages and disadvantages, and therefore, care should be taken to select the 

proper type of overlay materials, depending on the type of repair/rehabilitation. In the case of a 

bonded overly for pavements and bridge decks, high-performance concrete (HPC) with low 

overlay thickness can be an effective method to ensure long average lifespan compared to the 

other types of overlay materials given the low permeability, high mechanical properties, and 

good durability. The use of properly designed UHPC materials may present a cost-effective 

solution since the thickness of the overlay can be further reduced. 

 

2.3. CHARACTERISTICS OF UHPC AND GOVERNING FEATURES  

UHPC is categorized as a relatively new class of concrete that can develop extremely 

high durability and mechanical properties compared to conventional concrete. UHPC can be 

considered as part of the family of engineered cementitious composites (Habel et al., 2015). It 
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can be defined as a cement-based concrete having a compressive strength equal to or greater than 

150 MPa (21.8 ksi) (Naaman and Wille, 2012; Resplendino, 2012). In addition, this novel 

material is characterized as concrete with a very low water-to-cementitious materials (w/cm), 

high binder content, and optimum packing density. The packing density is required to eliminate 

capillary pores and provide an extremely dense matrix. (Naaman and Wille, 2012; Resplendino, 

2012). In most cases, UHPC contains micro steel fibers, which can enhance the materials’ 

ductility and mechanical properties. Aïtcin (2000) described how UHPC can achieve such a high 

strength as follows: “We know how to make 150 MPa (21.8 ksi) concrete on an industrial basis. 

Because at such a high level of strength, it is the coarse aggregate which becomes the weakest 

link in concrete; it is only necessary to take out coarse aggregate, to be able to increase concrete 

compressive strength and make reactive powder concrete having a compressive strength of 200 

MPa (29 ksi); it is only necessary to confine this reactive powder concrete in thin-walled 

stainless steel tubes to see the compressive strength increased to 375 MPa (54.4 ksi); and when 

the sand is replaced by a metallic powder, the compressive strength of concrete increases to 800 

MPa (116 ksi)”. 

Due to the large difference in elastic moduli between aggregate and cement paste, 

conventional concrete (CC) and high performance concrete (HPC) have a mismatch in the 

properties of different constituent materials. The mismatch can be significantly reduced in UHPC 

through selecting constituent materials with similar elastic moduli (Gao et al., 2005). Another 

problem in CC and HPC is weaker interfacial transition zones between the aggregate and cement 

paste compared to UHPC. 
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Table 2-1 Comparisons of different overlays (Shann, 2012)  

Overlay type 

Latex-modified 

concrete  

(LMC) 

Silica fume modified 

concrete (SFMC) 

Low slump 

dense concrete 

(LSDC) 

Fiber-reinforced concrete 

Cost ($)/S.F. 18-39 
More expensive than 

LMC 
13-19 1.4-2.6 

Alternative 

names or types 

Latex-modified 

mortar2 and high 

strength LMC4 

 

Microsilica modified 

concrete (MMC), 

Silica fume concrete 

(SFC). 

- - 

Avg. thickness 
1.25”, 1.25-3”, 1.5”, 

2.25” 
1.25”, 2”, 2.25” 2-3”, 2” 1”, 2.75” 

Service-life 14-29 yr 5-10 yr 16-32 yr  

Mixture 

components 

Portland cement, 

latex (typically 

styrene-butadiene), 

water, coarse and 

fine aggregates, and 

antifoamer. 

Steel or synthetic 

fibers are often used. 

Silica fume, portland 

cement, water, coarse 

and fine aggregates, 

high-range water 

reducer, and air-

entraining admixture. 

Steel or synthetic 

fibers are often used. 

- 

Steel, glass, synthetic, plastic 

fibers, or blends are used with 

Portland cement, water, and 

coarse and fine aggregates. 

High-range water reducer and 

air-entraining admixture are 

often needed. Fly ash or 

microsilica can be added. Steel 

or synthetic fibers have been 

used. 

w/cm 0.35, 0.37, 0.4 0.35-0.4 - 0.4 

Modulus of 

elastistic 
3.8 ksi 4.1 ksi - 4.9 ksi 

Compressive 

strength 

High early age and 

28 d compressive 

strength  

High early age and 28 

d compressive 

strength  

5,000 psi at 7 

d is required  

 

High early age compressive 

strength, but low at 28 and 90 d  

 

Tensile 

strength 

710 psi at 28 d for 

splitting tensile 

strength 

680 psi at 28 d for 

splitting tensile 

strength 

- 
825 psi at 28 d for splitting 

tensile strength 

Resistance to 

Cl ion 

penetration 

ASTM rating "Low" 
ASTM rating "Very 

low" 
- ASTM rating "Moderate" 

Chloride 

permeability 

specification 

1000 Coulombs at 

90 d  

1000 coulombs at 90 

d 
- - 
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Table 2-1 Comparisons of different overlays (Cont’d) 

Overlay 

type 

Latex-modified concrete  

(LMC) 

Silica fume modified 

concrete (SFMC) 

Low slump dense 

concrete (LSDC) 

Fiber-reinforced 

concrete 

Construction 

notes 

Substrate should be 

wetted before 

application of bonding 

agent, requires special 

mixing equipment and 

contractor experience, 

and is sensitive to 

weather conditions. 

Burlap and/or plastic are 

used during curing, very 

limited widow for 

finishing (15-30 min), 

but typical concrete 

finishing machines can 

be used 

Fog sprays are used to 

control water 

evaporation. Wet burlap 

sacks and polyethylene 

sheets should be placed 

quickly to avoid plastic 

shrinkage. Overlay 

should be continuously 

wet and the area should 

be well drained. Bull 

float trowel are often 

used after screeding. 

Can be tined, broomed, 

burlap, or turfed finish 

early 

Requires experienced 

contractors. Bonding 

agents should be 

applied to a dry 

substrate. Wind 

fences are commonly 

used. Mechanical 

tamping is used in 

some cases to obtain 

proper densification, 

but care must be 

taken as it is not 

difficult to overwork 

the surface. Overlay 

must be screed and 

finished immediately 

- 

State use 

WV, DE, IL, IN, KS, 

KY, MA, MI, MO, NC, 

OK, PA, RI, SD, TN, 

WA, Ontario 

WV, NY, OR, OH, RI 

KY, MN, NY, ND, 

IA, KS, MI, MO, ND, 

SD, Puerto Rico 

- 

Overall pros 

High bond strength, 

good durability, high 

abrasion and skid 

resistance, low 

permeability, low 

cracking, short cure 

time, quick installation, 

and long estimated 

service-life 

Low permeability, high 

early and ultimate 

strength, good bond 

strength, high abrasion 

and skid resistance, 

high electrical 

resistance (suppresses 

the corrosion reaction in 

concrete) 

Low permeability, 

good durability, long 

estimated service-life, 

and increased 

structural capacity 

Post cracking tensile 

capacity. High early 

strength. High 

ductility due to 

fibers. Many 

possibilities of 

specialization within 

mix design 

Overall cons 

High cost, placement 

difficulties and need for 

experienced contractors. 

If improperly 

constructed, cracking 

and/or debonding are 

often major issues. Wear 

has been noted in wheel 

paths. Some have 

experienced long curing 

times. A few mix 

designs (primarily older 

designs) have issues 

with odor, toxicity, and 

flammability 

Premature cracking, 

spalling and 

delamination due to 

surface shrinkage and 

strength failure at 

interfaces have been 

experienced 

Difficulties of 

placement and 

consolidation, long 

cure times, higher 

dead loads. 

Susceptible to 

cracking. Vulnerable 

to weather conditions 

Additional dead 

load, not as high 

compressive 

strength long-term 

as some high 

strength alternatives. 

Chloride resistance 

is not superior to 

other overlay types 
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Table 2-1 Comparisons of different overlays (Cont’d) 

Overlay 

type 

Hot-mix asphalt 

(HMA)  

single or multi-layer 

Polymer-concrete (PC) 

High-

performance 

concrete 

overlay (HPC) 

Portland cement 

concrete overlay 

(PCC)  

standard concrete 

and reinforced 

concrete overlay. 

Cost ($) 

/S.F. 
3.1-7.6 10-17 17-25 22-36 

Alternative 

names or 

types 

Layered overlays are 

also called sandwich 

seal overlays. 

-  
Structural bridge 

deck overlays 

(SBDO). 

Average 

thickness 
2-3.25" 0.5-1.4" 1.6-3.5" 3-3.8" 

Average 

lifespan 
10-15 yrs 9-18 yr 16-29 yr 15-24 yr 

Mix design - 

Mix 

components 

Can be made with 

one asphalt layer or 

as a multiple, 

sandwich layer. 

Asphalt and bridge 

deck sealant (rubber, 

fiberglass, bitumen, 

polyester 

membrane). Layered 

Overlay includes a 

tack coat 

Aggregate and binder. 

Binder can be epoxy, 

polyester styrene, or 

methacrylate. No Portland 

cement or water is used 

- 

Type I Portland 

cement, water, and 

coarse and fine 

aggregate. High 

early strength 

Portland cement is 

also used 

Comparison - 

Often used as a 

preventative measure on 

newer deck. Lower dead 

load 

- 
Used in deck 

rehabilitation more 

than other overlays 

Curing and 

construction 

duration 

Total construction 

time is around 3 d 

Total construction can 

take less than 24 h 

Total 

construction 

time can take 

over 7 d 

1-2 day moist curing 

Construction 

notes 

Substrate repairs 

must be made before 

overlay placement. 

Typical asphalt 

paving equipment 

and procedures are 

used. Sealant is 

placed between 

bridge deck and first 

asphalt layer. 

Substrate roughening is 

vital to this overlay's 

success. Must follow 

temperature and humidity 

tolerances. Usually two-

component systems: one 

component contains resin 

and the second contains 

the curing agent or 

initiator. Uniformly 

graded aggregates are 

used with slurry and 

premixed overlays. Gap 

graded aggregates are 

used with multiple-layer 

overlays and are 

broadcast on the top of 

slurry and some premix 

overlays. 

Typically 

contains low 

w/c ratio. 

Admixtures 

may be added 

for improved 

workability 

Substrate surface 

preparation is 

typically achieved 

through hydro 

demolition 
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Table 2-1 Comparisons of different overlays (Cont’d) 

Overlay 

type 

Hot-mix asphalt 

(HMA)  

single or multi-layer 

Polymer-concrete (PC) 

High-

performance 

concrete 

overlay (HPC) 

Portland cement 

concrete overlay 

(PCC)  

standard concrete 

and reinforced 

concrete overlay. 

State use 

CO, CT, IL, KY, 

NE, NY, RI, SD, 

TN, UT, VT, 

Alberta, Ontario, 

Quebec 

AK, CA, CO, GA, ID, IL, 

KS, MA, ME, MO, NM, 

NV, NY, OK, OR, TN, 

UT, BT, WY, VA 

AK, AZ, ID, 

IL, KS, MI, 

MO, NE, NY, 

OK, OR, WV, 

WY, Alberta 

No agencies 

reported using PCC 

overlays for new 

construction, though 

half of the agencies 

surveyed used PCC 

for over 25years 

Overall pros 

Low cost, ease and 

speed of installation, 

improves ride-

ability, effective 

High early compressive 

strength, high bond 

strength, good durability 

and skid resistance, low 

permeability, low dead 

load. Does not require 

modification of 

approaches or existing 

expansion joints. 

Low 

permeability, 

good durability, 

high strength. 

High cost-

effective 

performance 

Long life, familiar 

and quick 

installation, good 

record. Good 

alternative to repair 

and replacement. 

Overall cons 

The layered asphalt 

overlay can trap 

moisture in the deck, 

which can damage 

bond and/or 

reinforcement. Short 

service-life and 

timely maintenance 

is required. Some 

have found difficulty 

of removal. 

Effectiveness of 

membrane is 

unknown. Poor 

performance has 

been found on 

curved bridges. Does 

not contribute 

structurally to the 

superstructure. 

Installation difficulties. 

Some have found low 

durability. Higher cost. 

Cannot be used as a 

replacement for bridge 

deck concrete. 

Installation 

difficulties. 

Cracking has 

been found 

during curing. 

Long cure 

times. Higher 

cost. 

Long construction 

time and high cost. 

Low bond strength. 

Not conductive to 

decks containing 

slag. 

 

Figure 2-1 illustrates a representation of the force transfer within the CC and UHPC. In 

the case of the CC, the force or load is transferred only among aggregates. In the UHPC, all the 

material constituents, including cement paste, fiber, and aggregates, take part in the force 

transfer. This can result in a significant improvement in the mechanical properties of such novel 

material. 
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Figure 2-1 Depiction of force transfer within: (a) conventional concrete; (b) UHPC (Walraven, 

2002; Voort et al., 2008) 

 

Some of the mixture design principles involved in UHPC include the enhancement of 

homogeneity by the elimination of coarse aggregate and increased packing density by 

optimization of the granular skeleton of the mixture through wide distribution of powder size 

classes. The addition of SCMs, such as silica fume, fly ash, and slag, and the use of low water-

to-cementitious materials (w/cm) ratio can result in significant improvement in the mechanical 

properties and durability of the non-fibrous UHPC matrix. Employing post-set heat-treatment 

can enhancement the microstructure of UHPC. The improvement of ductility, tensile strength, 

and crack resistance can be achieved by the incorporation of small rigid fibers, such as steel 

fibers (Richard and Cheyrezy, 1995). UHPC has high packing density which can be achieved by 

optimizing the proportioning of different components (Richard and Cheyrezy, 1995). The 

particles should be selected to fill up the voids between large particles and smaller particles, 

leading to a smaller volume of gaps within the aggregate skeleton.  

The concept of packing density, i.e. the ratio of the volume of solids to a given volume, is 

introduced to evaluate the arrangement of granular mixtures. Figure 2-2 illustrates how the 

concept of packing density can be applied to three granular systems, i.e. single-, binary-, and 

ternary- systems (Stovall et al., 1986). The single-sized aggregate can be packed together to 
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occupy only a limited space, i.e. it can achieve only a relatively low packing density. However, 

the multi-sized aggregates can be packed together much more effectively to achieve higher 

packing density, i.e. binary and ternary mixtures. For a given volume of cement paste, the 

increase in packing density of the aggregates can increase the workability of concrete at the same 

w/cm, or increase the strength of concrete by reducing the w/cm at a given workability.  

 

 

 

Figure 2-2 Typical packing arrangements of single, binary, and ternary mixtures 

(Stovall et al., 1986) 

 

Key engineering properties of CC, HPC, and UHPC are compared in Table 2-2. It is 

important to review different components and the microstructural properties of typical UHPC 

mixtures. Sand, cement, silica fume, crushed quartz, fibers, high-range water reducer (HRWR), 

and/or superplasticizer (SP), as well as water, are the main components of UHPC, as presented in 

Table 2-3. 
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Table 2-2 Comparison of properties of CC, HPC, and UHPC (Ahlborn et al., 2008) 

Material characteristics 
Conventional 

concrete 
HPC UHPC 

Maximum aggregate size, (in.) 0.75-1.00 0.38-0.50 0.016-0.024 

w/cm 0.40-0.70 0.24-0.35 0.14-0.27 

Mechanical properties 

Compression strength (ksi) 3.0-6.0 6.0-14.0 25.0-33.0 

Split cylinder tensile strength (ksi) 0.36-0.45 - 1.0-3.5 

Poisson's ratio 0.11-0.21 - 0.19-0.24 

Creep coefficient, Cu 2.35 1.6-1.9 0.2-0.8 

Porosity (%) 20-25 10-15 2-6 

Fracture energy (k-in/in.
2
) 

0.00057- 

0.00086 
- 0.057-0.228 

Young's modulus (ksi) 2000-6000 4500-8000 8000-9000 

Modulus of rupture 1st crack (ksi) 0.4-0.6 0.8-1.2 2.4-3.2 

Flexure strength - ultimate (ksi) - - 3.0-9.0 

Shrinkage - 
Post cure 

40-80×10
-5

 

Post cure 

<1×10
-5

, 

No 

autogenous 

shrinkage 

after cure 

Coefficient of thermal expansion 

(/°F) 
4.1-7.3×10

-6
 - 7.5-8.6 ×10

-6
 

Ductility - - 
250 Times > 

NSC 

Durability  

Freeze/thaw resistance 10%  90%  100%  

Chloride penetration (Coulomb) > 2000 500-2000 < 100 

Air permeability (k) at 24 hr and 

40°C, (in.
2
) 

4.65×10
-14

 0 0 

Water absorption at 225 hr (lb/in.
2
) 4×10

-3
 5×10

-4
 7.1×10

-5
 

Chloride ion diffusion coefficient 

(by steady state diffusion), (in.
2
/s) 

1.55×10
-9

 7.75×10
-10

 3.1×10
-11

 

Penetration of carbon / sulfates - - None 

Mass of scaled off (lb/ft
2
) > 0.205 0.016 < 0.002 

 

 

2.4. CASE STUDIES: USE OF UHPC IN BRIDGE STRUCTURAL ELEMENTS 

2.4.1. Sustainable and Advanced Materials for Road Infrastructures (SAMARIS)  

The UHPC, CEMTECmultiscale® family, was applied for the rehabilitation and widening 

purposes on a bridge over the river La Morge in Switzerland in 2004, as a part of the SAMARIS 

European project. The bridge was deteriorated as a result of chloride ingress. The rehabilitation 

process was conducted in three phases. Firstly, the bridge was widened using a prefabricated 

UHPFRC edge beam on a new reinforced concrete beam. Secondly, the upper surface of the 
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bridge deck contaminated by chloride ingress was replaced by UHPC layer with a thickness 30 

mm (1.17 in.). Finally, the concrete surface of the upstream curb was rehabilitated with 30 mm 

(1.17 in.) of UHPC. The details of this bridge are shown in Figure 2-3. UHPC used in this project 

had the microsilica-to-cement and water-to-binder ratios of 0.26 and 0.125, respectively. The 

UHPC was comprised of cement (1430 kg/m
3
, 2410 lb/yd

3
), microsilica, fine quartz sand with a 

maximum grain size of 0.5 mm (0.02 in.). The total fiber volume of 706 kg/m
3
 (1190 lb/yd

3
) (9 

vol.%) including microfibers, steel wool (2 to 3 mm (0.08 to 0.12 in.) length), in combination 

with macrofibers (10 mm (0.4 in.) length and an aspect ratio of 50), was used. The average 

values of 28-day compressive strength and modulus of elasticity were 182 MPa (26.4 ksi) and 47 

GPa (6,816 ksi), respectively. Construction cost analysis indicated that the cost of rehabilitation 

with UHPC was about 10% higher than the conventional option of using repair mortar with 

waterproofing membrane (Bruhwiler and Denarie, 2008). 

Table 2-3 Range of UHPC mixture components (Dugat et al., 1996; Castellote et al., 2003; Droll, 

2004) 

Components Typical range 

(kg/m
3
) 

Mass ratio to 

cement 

Volume 

fraction (%) 

Sand 490 - 1390  1.43 38.8 

Cement 610 - 1080  1.00 22.7 

Silica fume 50 - 334  0.32 10.6 

Crushed quartz 0 - 410 0.30 8.1 

Fibers 40 - 250 0.21 2.0 

Superplasticizer 9 - 71 0.02 1.4 

Water 126 - 261 0.23 16.5 
*Superplasticizer is expressed as the weight of the solid fraction; the liquid fraction is included in the water weight. 

Note: 1 kg/m
3
 = 1.686 lb/yd

3
 

 

 

2.4.2. Application of UHPC on Barrier Walls as Protection Layers 

The concrete crash barrier wall of a highway bridge severely suffering from de-icing salts 

ingress was rehabilitated using UHPC in 2006, as shown in Figure 2-4. A UHPC layer with 

thickness of 30 mm (1.2 in.) and w/cm of 0.17 was applied on the barrier wall. The UHPC layer 

was made with 1100 kg/m³ (1854 lb/yd
3
) cement, 26% silica fume, by mass of cement, quartz-

sand, and 6% steel fibers, by volume of concrete. UHPC mixture was prepared in a concrete 

ready mix plant and hauled to the job site by a conventional truck. Four months after 

rehabilitation, no crack was observed (Bruhwiler and Denarie, 2008).  
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Figure 2-3 Bridge cross section after rehabilitation with UHPC – (dimensions in cm) (Bruhwiler 

and Denarie, 2008) 

 

 

 

  

Figure 2-4 Typical cross section of the crash barrier wall and view after rehabilitation (Bruhwiler 

and Denarie, 2008) 

 

2.4.3. Rehabilitation of a Bridge Pier Using Prefabricated UHPC Shell Elements 

As shown in Figure 2-5, an existing 40-year-old reinforced concrete bridge pier subjected 

to severe environmental exposure of de-icing salt splashes was protected by 40 mm (1.57 in.) 

prefabricated UHPC elements in 2007. Before the UHPC installation, chloride-contaminated 

concrete, about 100 mm (4 in.) thickness, was removed. UHPC used in this project was made 

with 0.155 w/c, containing 1300 kg/m³ (2191 lb/yd
3
) of cement, silica fume, quartz-sand, steel 

fibers, and superplasticizer (Bruhwiler and Denarie, 2008). 
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Figure 2-5 Strengthening of an industrial floor (Bruhwiler and Denarie, 2008) 

 

2.4.4. Strengthening of an Industrial Floor  

In this project, the load-bearing capacity of a 50-year-old reinforced concrete slab with an 

area of 720 m
2
 (860 yd

3
) was enhanced by applying a 40-mm (1.57 in.) UHPC overlay. The 

UHPC was proportioned with 1300 kg/m
3
 (2191 lb/yd

3
) of cement, along with silica fume, 

quartz-sand, steel fibers, and superplasticizer, and w/cm of 0.155 (Bruhwiler and Denarie, 2008). 

Details of the overlay design and casting are presented in Figure 2-6. 

 

 

  

Figure 2-6 Cross-section (dimensions in cm) with UHPC layer (in grey) and view of UHPC 

casting performed (Bruhwiler and Denarie, 2008) 

 

2.4.5. LOG ČEZOŠKI Bridge, Slovenia  

As shown in Figure 2-7, UHPC was used to rehabilitate a bridge deck, measuring 65 m 

(213 ft) in length with a 5% longitudinal slope over the Šoka River in Slovenia in 2009. The 

UHPC was applied to protect the full upper face of the bridge deck, footpath, and external faces 

of the curbs. In this project, the UHPC thickness varied between 25 and 30 mm (1 to 1.17 in.). 

UHPC mixture design included 763 kg/m
3
 (1286 lb/yd

3
)
 
cement, 763 kg/m

3
 (1286 lb/yd

3
) 

limestone filler, 153 kg/m
3
 (259 lb/yd

3
) microsilica fume, with W/(C+LF+SF) of 0.155. A 
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mixture of micro-steel wool (1 mm (0.04 in.) length) and macrofibers (10 mm (0.4 in.) length 

and aspect ratio of 50), with a total dosage of 706 kg/m
3
 (1190 lb/yd

3
) (9% vol.) was 

incorporated. The average mixing time of UHPC for this project was 12 minutes. The UHPC 

overlay was moist-cured for 7 d after casting (Bruhwiler and Denarie, 2008). 

 

 

 

Figure 2-7 Cross section of bridge with concept of rehabilitation (Bruhwiler and Denarie, 2008) 

 

2.4.6. Pinel Bridge, France The Pinel Bridge (Figure 2-8 and 2-9) was constructed using CC in 

1996 in France. The bridge has two lanes with a filler beam deck with two span lengths of 1220 

and 1480 m (4001 and 4854 ft). In 2007, it was decided to extend the lanes from two to five 

using prefabricated UHPC to increase traffic volume capacity on the bridge. The depth of the 

seventeen UHPC beams was 620 mm (24.4 in.). The UHPC was produced using 2360 kg (5200 

lb) of premix, 45 kg (100 lb) of superplasticizer, 195 kg (430 lb) of water, and 195 kg (430 lb) of 

steel fibers, yielding 28-day compressive strength of 165 MPa (23.9 ksi) (Matteis et al., 2008).  

 

2.4.7. Experimental Validation of a Ribbed UHPC Bridge Deck in France 

An experimental validation of a ribbed UHPC bridge deck made of two segments 

assembled by post-tensioning was conducted as part of the MIKTI French R&D national project 

focusing on steel-concrete composite applications, as shown in Figure 2-10 and 2-11. One of the 

segments was made of Ductal
®
-FM and the other of BSI

®
. The UHPC ribbed slab was supported 

by two longitudinal steel beams. The slab thickness was 0.05 m (0.16 ft) and the total thickness 

with the ribs was 0.38 m (1.25 ft) (Toutlemonde et al., 2007). 
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Figure 2-8 General view of the existing bridge (Matteis et al., 2008) 

 

 

 

Figure 2-9 Deck cross section of the existing bridge (Matteis et al., 2008) 

 

 

 

 

Figure 2-10 Longitudinal cross-section of precast segments. Longitudinal ribs are 50 mm-wide 

only at the bottom. (lengths in mm) (Toutlemonde et al., 2007) 
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                        (a)                                                                                      (b)  

Figure 2-11 Model ribbed slab for validation tests. a) casting; b) cold joint (Toutlemonde et al., 

2007) 

 

2.4.8. Sherbrooke Pedestrian Bridge, Canada  

A new pedestrian bridge was constructed over the Magog River in Sherbrooke, Quebec, 

Canada in 1997 (Figure 2-12) using a reactive powder concrete (RPC) prepared in a concrete 

precast plant. The bridge had a single lane measuring 60 m (197 ft) in length. The bridge was 

precast in six segments measuring 10 m (32.8 ft) long and 3 m (9.8 ft) height) each with a space 

truss system. Using UHPC allowed the top deck slab to be as low as 30 mm (1.2 in.), using no 

passive reinforcement in the bridge (Russell and Graybeal, 2013).   

 

 

Figure 2-12 Sherbrooke pedestrian bridge (Russell and Graybeal, 2013) 
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2.4.9. Glenmore/Legsby Pedestrian Bridge  

As shown in Figure 2-13, the Glenmore/Legsby Pedestrian Bridge was another example 

constructed using Ductal over an eight-lane highway in Calgary, Alberta, Canada. This bridge 

was a single span measuring 53 m (174 ft) in length. Post-tensioned girders were 3.6-m (11.8-ft) 

wide at the mid-span. The T-shaped girders were 11-m (36-ft) deep and 33.6-m (110-ft) long. A 

high shear mixer was employed to deliver proper and sufficient mixture for this application 

which required 40 m
3
 (52.3 yd

3
) UHPC. The prepared Ductal was hauled to the job site from the 

batch plant using CC trucks (Russell and Graybeal, 2013). 

 

 

Figure 2-13  The Glenmore/Legsby pedestrian bridge, Calgary, Alberta, Canada  

(Russell and Graybeal, 2013) 

 

 

2.4.10. Mars Hill Bridge  

The Mars Hill bridge (Figure 2-14) located in Wapello County, Iowa, was built in 2006 

and was the first bridge in the United States made of UHPC (Russell and Graybeal, 2013). Three 

prestressed bulb-tee girders of this bridge were fabricated using Ductal UHPC. The girders were 

33.5 m (110 ft) long and 1.14 m (3.7 ft) deep with a cast-in-place concrete bridge deck. Other 

bridge parts were constructed using CC materials. Ductal UHPC consisting of fine sand, cement, 

silica fume, and quartz sand were incorporated in UHPC mixture in low w/cm between 0.15 and 

0.19. The achieved average 28-d compressive strength ranged from 125 - 207 MPa (18 - 300 

ksi), depending on the mixing and curing process. To improve ductility, steel or polyvinyl 
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alcohol (PVA) fibers at an amount of 2%, by volume of concrete, were included to improve 

ductility. 

 

Figure 2-14 Mars Hill Bridge, Wapello County, IA, USA (Russell and Graybeal, 2013)  

 

2.5. UHPC AS BONDED OVERLAY 

UHPC has extremely high impermeability, negligible dry shrinkage if properly cured, 

and excellent post-cracking tensile capacity. UHPC also exhibits high compressive strength, 

ranging from 125 to 230 MPa (18 to 33 ksi) at 28 d, depending on the curing regime. This is 

required for the rehabilitation of bridge decks when added load capacity and load transfer is 

desired (Graybeal, 2006; Misson, 2008). Furthermore, UHPC develops high early strength, 

which can reduce traffic closure time and increase the rate of precast bed turnover. In order to 

fully benefit from the superior properties of UHPC, the bond integrity of the novel material to 

the conventional concrete deck systems need to be evaluated. The thickness of the UHPC 

overlay should be optimized to reduce the dead load while maintaining the integrity of the bond 

interface. 

In spite of the aforementioned benefits of UHPC over conventional overlay materials, its 

high initial cost can limit its broad use. Bonneau et al. (1996) reported the UHPC’s price as 

$1400/m
3
 ($1071/yd

3
) in 1996 in Europe, which was decreased to $750/m

3
 ($574/yd

3
) in 2000 

with more common use (Blais and Couture, 1999). The cost estimation of the UHPC was 

$2620/m
3
 ($2005/yd

3
) in North America in 2007 (Suleiman et al., 2008). More recently, a 30 

mm (1.2 in.) thick UHPC was used as an overlay to repair a short span of a heavy traffic road 

bridge (Bruhwiler and Denarie, 2008; Denarie et al., 2005). Two alternatives were suggested in 

this overlay project, which were the rehabilitation using UHPC without water proofing 































































https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCIQFjAAahUKEwi34ejGvP_IAhVKJiYKHesYD6E&url=http%3A%2F%2Forbit.dtu.dk%2Fen%2Fpublications%2Fmeasurement-with-corrugated-tubes-of-earlyage-autogenous-shrinkage-of-cementbased-material(29726b68-51b5-44db-bf38-2cc491494bfa).html&usg=AFQjCNEv72mzSSlO9JVnsvutDSfdEf4g7g&bvm=bv.106923889,d.eWE
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCIQFjAAahUKEwi34ejGvP_IAhVKJiYKHesYD6E&url=http%3A%2F%2Forbit.dtu.dk%2Fen%2Fpublications%2Fmeasurement-with-corrugated-tubes-of-earlyage-autogenous-shrinkage-of-cementbased-material(29726b68-51b5-44db-bf38-2cc491494bfa).html&usg=AFQjCNEv72mzSSlO9JVnsvutDSfdEf4g7g&bvm=bv.106923889,d.eWE
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCIQFjAAahUKEwi34ejGvP_IAhVKJiYKHesYD6E&url=http%3A%2F%2Forbit.dtu.dk%2Fen%2Fpublications%2Fmeasurement-with-corrugated-tubes-of-earlyage-autogenous-shrinkage-of-cementbased-material(29726b68-51b5-44db-bf38-2cc491494bfa).html&usg=AFQjCNEv72mzSSlO9JVnsvutDSfdEf4g7g&bvm=bv.106923889,d.eWE
































































































 

100 

 

The Switzerland case (second option) is the only one that includes installation cost. 

However, due to relatively wider application of UHPC in Switzerland compare to that in the 

United States, both the material cost and installation cost may not be representative when apply 

to US UHPC applications. In addition, since the third option laboratory estimation ($5/ft
2
) is 

lower than the values in the other two data sources, as a conservative approach, the first option 

$9-18/ft
2
 (material cost only) is used in the following case study with an assumption that the 

installation fee will be estimated as certain percentage of the entire construction unit cost. The 

final estimated UHPC construction unit cost is $15-30/ft
2
. The detailed calculation is as follow: 

 

Step 1: Material cost: 

$3000/yd
3
 = 3000/27 = $111.11/ft

3
 (1 cubic yard = 27 cubic feet) 

1) For 1’’ UHPC:  

1 inch = 1/12 feet = 0.083 feet 

111.11×0.083 = $9.26 /ft
2
 

 

2) For 2” UHPC:  

2 inches =2/12 feet = 0.167 feet 

111.11×0.167 = $18.52 /ft
2
 

Step 2. Since no commercial information about the installation fee and all other costs are 

available at this moment in US, installation fee and all other costs are assumed to be 40% of the 

entire construction unit cost. Therefore, the construction unit cost can be estimated as below: 

1’’ UHPC construction unit cost = 9.26 / (1-0.4)   $15/ft
2
 

2’’ UHPC construction unit cost = 18.52 / (1-0.4)   $30/ft
2
 

 

7.5. DETERMINISTIC LCCA RESULTS 

As a conservative approach, a lower bound of the LMC construction unit cost ($18/ft
2
) 

and a mean service life (21.5 years) are used in the deterministic approach. A material cost of 

$15/ft
2
 with a service life of 21 years and $30/ft

2
 with a service life of 24 years are assumed for 1 

in. UHPC and 2 in. UHPC overlay, respectively.  

Figure 7-2 presents the deterministic results for PCC, LMC, 25 mm (1 in.) UHPC, and 50 

mm (2 in.) UHPC overlays. While PCC overlay has the lowest agency cost due to its relatively 
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lower unit price, its user cost can be up to 40% to 50% higher compared to that of LMC and 

UHPC overlays. Similarly, 2 in. UHPC overlay has the lowest user cost. However, its agency 

cost is the highest among all four alternatives. On the other hand, the deterministic results 

indicate that both the LMC and 1 in. UHPC overlays are better options in terms of their total life-

cycle costs. Since the difference of agency, user and total life cycle costs (with a user cost factor 

of 0.5) between the LMC and 1 in. UHPC overlay are within ±10%, these two alternatives can be 

considered similar or equivalent. However, the deterministic approach has many oversimplified 

assumptions and does not consider the uncertainty of the input parameters. Therefore, the 

probabilistic approach is also applied in the next section to provide additional insights that will 

allow the decision makers to quantify parametric variation and uncertainty with the ultimate 

objective of choosing the best alternative. 

 

Figure 7-2 Deterministic LCCA results for PCC, LMC, 1 in. UHPC, and 2 in. UHPC overlays 

 

7.6. PROBABILISTIC LCCA RESULTS 

From the deterministic results, the PCC and 2 in. UHPC overlays have higher values in 

terms of total life cycle cost when compare to LMC and 1 in. UHPC overlay. However, 

difference between LMC and 1 in. UHPC overlay total life cycle cost are relatively small (within 

 10%). Therefore, further investigation on these two alternatives are conducted using 

probabilistic approach. The effect of uncertainties for the two input parameters namely, service 

life and construction unit cost were tested using probabilistic distributions for LMC and 1 in. 
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UHPC overlay alternatives. Due to the limited available data, hypothetical triangular 

distributions were used as the best guess of the probabilistic distribution of these two parameters.  

 

7.6.1. Service life 

LMC is assumed to have a triangular distribution for its service life with a minimum, 

most likely, and maximum values of 14, 21.5, and 29, respectively. The 1 in. UHPC is assumed 

to have a triangular distribution for its service life with a minimum, most likely, and maximum 

values of 21, 22.5, and 24, respectively. The lower and upper bound values are based on the 

recent 2017 UHPC overlay studied by FHWA (Harber et al., 2017). All other input parameters 

are fixed.  

Figure 7-3 shows the probability density function (PDF) and cumulative distribution 

functions (CDF) of the two alternatives in terms of agency, user, and total life-cycle costs. After 

randomly sampling from these probability distributions using Monte Carlo simulation (50,000 

runs), the final life cycle cost analysis is obtained. Results (Figure 7-3(c)) indicate that the 

Alternative B, namely 1 in. UHPC, is slightly less expensive (3.60 million dollars) compared 

with the Alternative A, namely, LMC (3.62 million dollars) in terms of their mean values. In 

contrast, if only the mean value of agency cost is considered, LMC is less expensive than UHPC 

(1.46 million dollars compared with 1.54 million dollars). However, as both the differences are 

less than 10%, LMC and UHPC should be treated as similar or equivalent alternatives in this 

case. In Figure 7-3(b) and (c), the “gaps” in LMC PDF and step effect in its CDF are due to the 

changes in the number of re-overlay activities due to differences in service life values. For 

example, LMC with a service life of 14 years will have five re-overlay activities during the 75-

year analysis period. LMC with a service life of 29 years will have only two re-overlay activities 

during the 75-year analysis period. Since user costs occur only during rehabilitation/replacement 

in our LCCA approach, the four possible “numbers of re-overlay” from 2 to 5 (as LMC service 

life ranges from 14 to 29 years) resulted in four spikes in the PDF graph. Moreover, under the 

current assumptions of the input parameters, the life cycle cost of 1 in. UHPC overlay are less 

uncertain (narrow distribution) with standard deviation of 0.07 million dollars compared to that 

of LMC (0.64 million dollars). The CDF in Figure7-3(a), (b), and (c) can also help the decision 

makers to identify the likely range of the NPV. For instance, according to Figure 7-3(b), there is 
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an 80% chance that the user cost of UHPC will be less than 4.1 million dollars, while there is 

only a 40% chance that the user cost of LMC will be less than 4.1 million dollars. 

 
(a) PDFs and CDFs of agency costs 

 
(b) PDFs and CDFs of user costs 

 
(c) PDFs and CDFs of total life-cycle cost 

Figure 7-3 Costs of LMC and 1 in. UHPC overlay with probabilistic service life: (a) agency cost; 

(b) user costs; (c) total life-cycle cost 

 

7.6.2. Construction unit cost 

LMC is assumed to have a triangular distribution in terms of the construction unit cost 

with a minimum, most likely, and maximum values of 18, 20, and 39, respectively. The 1 in. 

UHPC is assumed to have a triangular distribution for the construction unit cost with a minimum, 

most likely, and maximum values of 15, 22.5, and 30, respectively. The lower and upper bound 
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values are based on the recent UHPC overlay study by FHWA (Harber et al., 2017). All other 

input parameters are fixed. 

Since the agency cost of Alternative B (1 in. UHPC) is 15.8% less than that of 

Alternative A (LMC) in terms of their mean values, UHPC overlay is preferred if only agency 

cost is considered, as shown in Figure7-4(a). The life cycle cost results also indicate that the 1 in 

UHPC is less expensive (3.60 million dollars) compared with the LMC (3.94 million dollars) in 

terms of their mean life cycle cost (LCC) values, as shown in Figure 7-4(c). However, when the 

difference of the mean LCC value is less than 10%, these two alternatives should be considered 

similar or equivalent if both the user and agency costs are considered. The user cost is 

deterministic under this scenario because probabilistic input parameter “construction unit cost” is 

not involved in the user cost calculation, as shown in Figure 7-4(b). 

 

7.6.3. Service life and construction unit cost 

Figure 7-5 shows the joint probabilistic approach for both service life and construction 

unit cost. Alternative B (1 in UHPC) is 17%, 5%, and 11% less expensive compared with 

Alternative A (LMC) in terms of their mean values of the agency, user and life cycle costs, 

respectively. From the CDF of total life-cycle cost (Figure 7-5(c)), there is 100% chance that 

Alternative B (1 in UHPC) will have a life cycle cost less than 4.3 million dollars while there is 

only 68% chance that Alternative A (LMC) will have a life cycle cost less than 4.3 million 

dollars. 
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(a) PDFs and CDFs of agency cost 

 
(b) PDFs and CDFs of user costs 

 
(c) PDFs and CDFs of total life-cycle cost 

Figure 7-4 Costs of LMC and 1” UHPC overlay with probabilistic construction unit cost: (a) 

agency cost; (b) user costs; (c) total life-cycle cost 
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(a) PDFs and CDFs of agency cost 

  
(b) PDFs and CDFs of user costs 

  
(c) PDFs and CDFs of total life cycle cost 

Figure 7-5 Costs of LMC and 1” UHPC overlay with probabilistic construction unit cost: (a) 

agency cost; (b) user costs; (c) total life cycle cost 

 

7.7. SUMMARY 

Life cycle cost analysis was determined for selected concrete mixtures with different 

mixture compositions and performance characteristics. Based on the results, the following 

conclusions can be drawn: 
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(1) UHPC offers various advantages, such as speed of construction and superior durability, 

which makes it possible to form a thinner overlay. These advantages can be translated 

into reduced maintenance and a longer lifespan for the treated pavement and bridge deck.  

(2) An UHPC overlay is recommended for potential field implementation when compared 

with a conventional PCC overlay, especially for large-scale construction projects while 

time-saving is a major consideration for the agency.  

(3) Based on both deterministic and probabilistic results, the 1 in. thick UHPC overlay seems 

to be more cost-effective when compared to LMC overlay applications. However, as the 

difference between LMC and UHPC overlay becomes relatively small under some 

scenarios, further evaluation is suggested when more laboratory and field implementation 

data become available. In addition, some of the UHPC costs, especially material unit 

cost, may decrease in the future as the technology matures and the market demands mass 

production.  

(4) The final selection of the overlay material should also consider the technical performance 

of the material, including its resistance to cracking, delamination, bond to substrate, and 

durability.  
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8. SUMMARY AND CONCLUSIONS 

The research presented in this project was undertaken to develop a cost-effective UHPC 

material for thin bonded overlays targeted for bridge deck applications. A comprehensive 

investigation involving laboratory material performance evaluation was conducted to develop the 

mixture design methodology and validate the material performance. The robustness of UHPC 

made with silica fume, Class C fly ash, and ground granulated blast-furnace slag placed at 

different casting and curing temperatures of 10, 23, and 30 °C (50, 73.4, and 86 °F). The effect 

of LWA, EXC, EXM, and SRA on autogenous and drying shrinkage of thin overlays made with 

UHPC was thoroughly evaluated. The performance of optimized UHPC mixtures for thin-

bonded overlay application was verified by casting thin overlays of various thicknesses on 

concrete pavement sections used as substrate. Finally, life cycle cost analysis (LCCA) of the 

selected concrete mixtures with different mixture compositions and performance characteristics 

was investigated. Based on the test results from this comprehensive research program, the 

following conclusions can be drawn: 

 

8.1. OPTIMIZATION AND PERFORMANCE OF COST-EFFECTIVE UHPC 

A mixture design methodology was presented for producing cost-effective UHPC with 

high-volume of SCMs and conventional concrete sand. Based on the reported studies, the 

following conclusions can be made: 

(1)     The minimum water content (MWC) can first be used as an indicator of the packing 

density of binders in wet condition to narrow down binder systems and reduce the 

required number of experiments. The binder composition of UHPC can then be optimized 

with consideration of the HRWR demand, rheological properties, MWC, relative water 

demand (RWD), and compressive strength properties. A radar chart approach that takes 

into consideration several key properties can be employed for the analysis. Based on this 

approach, the following binder combinations were selected: G50, G50SF5, FAC60, and 

FAC40SF5. 

(2)     The second step involves the determination of the preliminary w/cm based on the 28-d 

compressive strength and HRWR demand value for paste mixtures prepared with the 
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optimum binder combinations with w/cm of 0.18-0.23. The optimum value for the 

selected binders was 0.20. 

(3)      The modified Andreasen and Andersen model can be used to optimize the sand gradation. 

In this study, 70% river sand and 30% masonry sand were selected to achieve the highest 

packing density. 

(4)    The next step involves the determination of the binder-to-sand volume ratio (Vb/Vs). 

Mortar mixtures made with the selected w/cm and G50SF5 binder were prepared with 

Vb/Vs values of 0.6, 0.7, 0.8, 0.9, 1.0 and 1.3. Based on flow properties and 28-d 

compressive strength, the optimum Vb/Vs was determined to be 1.0. 

(5)    The optimum fiber content for the UHPC is experimentally determined given the 

flowability and flexural properties of UHPC made with various fiber contents. For the 

steel fibers considered in this study, 2% fiber volume was selected. 

(6)       For the UHPC mixtures prepared with the various binder systems and optimized mixture 

proportioning, the UHPC mixtures were self-consolidating, stable, and had 28 d 

compressive strengths of 120 - 125 MPa (17.4 - 18.1 ksi) under standard curing 

condition. The strength can reach up to 178 MPa (25.8 ksi) by applying heat curing at a 

maximum temperature of 90 °C (194 °F) for one day followed by 7 d moist curing. For 

the selected UHPC mixtures, the 28 d splitting tensile strength, modulus of elasticity, 

flexural strength, and toughness (T150) were 11.6-14.3 MPa (1.7-2.1 ksi), 48.8-51.6 MPa 

(7.1-7.5 ksi), 20.2-21.3 MPa (2.9-3.1 ksi) and 50 ± 1.5 kN mm (439 ± 13.2 lb in.), 

respectively. 

(7)      The designed UHPC mixtures exhibited relatively low autogenous shrinkage and drying 

shrinkage. The G50 mixture had the lowest autogenous and drying shrinkage of 253 µε at 

28 d and 56 µε at 98 d, respectively. All tested UHPC mixtures exhibited a very high 

electrical resistivity and excellent frost durability. 

(8)       The unit cost per compressive strength of the UHPC mixtures designed with high volume 

of SCMs and concrete sand can range between 3.5 and 4.7 $/m3/MPa (455 and 528 

$/yd3/psi). The mixture FAC60 was the most cost-effective mixture, which also 

developed better workability and lower unit cost per compressive strength of 3.7 

$/m3/MPa (411 $/yd3/psi) than other.  
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8.2. ROBUSTNESS OF UHPC AT DIFFERENT CASTING AND CURING 

TEMPERATURES 

The effect of casting and curing temperatures on workability, setting time, mechanical 

properties as well as autogenous and drying shrinkage of UHPC was investigated. The UHPC 

was mixed and cured at 10, 23, and 30 ºC (50, 73.4, and 86 ºF). Based on the reported studies, 

the following conclusions can be drawn: 

(1)     Regardless of the investigated UHPC mixture, the HRWR demand increased with the 

increase in temperature. UHPC made with FA required less HRWR content compared to 

that with GGBS and the reference mixture (25% SF). The FA60 mixture with 0.46% 

HRWR at 10 °C (50 °F) and G50SF5 mixture with 1.58% HRWR at 30 °C (86 °F) 

exhibited the lowest and highest HRWR demands, respectively. 

(2)      Mini V-funnel flow time decreased by up to 45%, with the increase in temperature from 

10 to 30 ºC (50 to 86 °F). Increasing the temperature accelerated the initial and final 

setting times by up to 4.5 and 5 h, respectively. Yield stress increased by up to 55% and 

plastic viscosity decreased by up to 45% with increasing the temperature from 10 to 30 

ºC (50 to 86 °F). UHPC made with GGBS exhibited the highest values of plastic 

viscosity and the lowest yield stresses compared to the reference mixture and UHPC 

made with FA. 

(3)      Temperature variation can significantly affect the development of mechanical properties 

of UHPC. Results indicated that mechanical properties of different UHPC mixtures 

improved with the increase in temperature. Increasing temperature from 10 to 30 ºC (50 

to 86 °F) improved the 28 d compressive strength of the G50, G50SF5, FA60, and 

FA40SF5 mixtures by 65%, 70%, 43%, and 42%, respectively. The flexural toughness 

(T150) was enhanced by up to 65% with the increase in temperature. All mixtures had 

their minimum and maximum toughness at 10 and 30 ºC (50 to 86 °F), respectively. 

(4)      Increasing the temperature from 10 to 30 ºC (50 to 86 °F) led to increasing autogenous 

and drying shrinkage. UHPC made with GGBS or FA exhibited a reduction in 

autogenous and drying shrinkage by up to 300 and 350 µε, respectively, compared to the 

reference mixture at 56 d. UHPC made with FAC and GGBS were more robust than the 
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reference mixture made with 25% SF. In general, the FA60 and FA40SF5 mixtures 

resulted in greater robustness than other UHPC mixtures. 

 

8.3. COUPLED EFFECT OF SATURATED LIGHTWEIGHT SAND AND SHRINKAGE-

MITIGATING ADMIXTURES ON PERFORMANCE OF UHPC 

The effect of LWS, SRA, EXC, and EXM on compressive strength, autogenous and 

drying shrinkage of UHPC was investigated. Based on the results, the following conclusions can 

be drawn: 

(1)      The incorporation of 25% to 60% pre-saturated LWS resulted in considerable decrease in 

HRWR demand (1.23% to 1.05%) compared to the EXC7.5 mixture (2.3%) required to 

secure self-consolidating characteristics. The EXC5LW60 and EXC7.5 mixtures 

exhibited the lowest and highest values of HRWR demand, respectively. The content of 

LWS necessary to compensate chemical shrinkage for the investigated UHPC was 35%, 

by volume of sand.   

(2)      The combined use of 60% LWS and EXC, EXM, or SRA had a positive effect on 

reducing mini-slump flow and mini V-funnel losses with time. The fastest and slowest 

flow times after 70 min were obtained in the EXC7.5LWS60 and EXC7.5 mixtures. The 

combined use of EXC, EXM, or SRA with LWS significantly shortened the final setting 

times. The reference G50 mixture had final setting time of 17.5 h and decreased to 6-8 h 

for the mixtures with LWS and 7.5% EXC.  

(3)       The coupled effect of incorporating EXC with 60% LWS resulted in a significant effect 

on controlling autogenous shrinkage of UHPC. The EXC10LWS60 mixture had the 

highest expansion of 865 με and exhibited expansion value of 580 με at 91 d compared to 

the reference G50 mixture that had a shrinkage of 530 at 91 d.  

(4)     The coupled effect of LWS and EXC for different curing conditions indicate that 

increasing LWS and EXC replacement levels along with extending moist curing 

significantly improved expansion during moist curing period and reduced total shrinkage 

thereafter. The EXC10LWS60 mixture had the best performance in terms of total 

shrinkage (expansion of 110 με at 91 d) following 7 d of moist curing. The use of SRA or 

EXM in combination with 60% LWS was effective in reducing total shrinkage by up to 

30%.  
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(5)      The increase in the period of moist curing from 1 to 3 and 7 d had a significant effect on 

the 91 d compressive strength of UHPC. Such increase was by up to 35% for UHPC with 

no LWS and 15% for that with 60% LWS. 

(6)    The combined use of either EXC, EXM, or SRA with 60% LWS decreased 91 d 

compressive strength under 7MC ranging from 8 to 20 MPa (1.2 to 2.9 ksi) compared to 

60% LWS. Further increase in EXC content from 5% to 10%, EXM from 5% to 7%, and 

SRA from 1.5% to 3% in mixtures subjected to 7 d of moist curing resulted in 91 d 

compressive losses of 10, 6, and 5 MPa (1.5, 0.9, and 0.7 ksi), respectively. 

 

8.4. UHPC PERFORMANCE AS BONDED OVERLAY 

In this task, 16 slabs made of different mixture proportions were constructed to compare 

the performance of UHPC overlay materials to those of LMC and conventional portland cement 

concrete overlays. Based on the results, the following conclusions can be drawn: 

(1)     The results of shrinkage deformation were shown to be a function of concrete mixture 

design, location, and UHPC overlay thickness.  

(2)      The incorporation of EXC at replacement levels of 5% and 10%, combined with 60% 

LWS resulted in considerable decrease in total shrinkage. The UHPC overlay mixture 

made with 10% EXC combined with 60% LWS with 25 mm (1 in.) in thickness exhibited 

the highest expansion of 850 µε at 7 d. The same mixture with 38 (1.5 in.) and 50 mm (2 

in.) showed 660, and 485 µε maximum initial expansions at 7 d, respectively. 

(3)       Temperature variations showed a high temperature during the first 24 h of casting by up 

to 40 °C (104 °F) for all of the investigated mixtures. However, after 24 h, the 

temperature gradually reached close to the ambient temperature varying between 20 to 50 

°C (68 to 122 °F). All mixtures exhibited a saturated condition (100% RH) during the wet 

curing period. The RH gradually dropped right after exposing the slabs to air drying. RH 

variations reached stabilized range of 65% to 80%, depending on the overlay mixture 

type and thickness. Visual and microscopic inspections of UHPC overlays at the surface 

and interface layer showed no signs of cracking and debonding after more than 200 d of 

casting. 

(4)       UHPC made with 50% GGBS, 5% to 10% EXC, and 60% LWS reinforced with 2% steel 

fiber (by volume), was recommended for field implementation. A clean aggregate 
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exposed surface on the substrate concrete is of critical importance to a long-lasting bond, 

which can be attained by hydrodemolition method. It is recommended to apply at least 7 

d moist curing (wet burlap covered by a plastic sheet) immediately after UHPC casting.   

   

8.5. LIFE CYCLE COST ANALYSIS OF UHPC OVERLAY 

Life cycle cost analysis was determined for selected concrete mixtures with different 

mixture compositions and performance characteristics. Based on the results, the following 

conclusions can be drawn: 

(1)    UHPC offers various advantages, such as speed of construction and superior flexural 

strength, and durability, which make it possible to form a thinner overlay. These 

advantages can be translated into reduced maintenance and a longer lifespan for the 

treated structure.  

(2)     An UHPC overlay is recommended for potential field implementation when compared 

with conventional portland cement concrete overlay, especially for large-scale 

construction projects while time-saving is a major consideration for the agency.  

(3)      Based on both deterministic and probabilistic results, 1 in. UHPC overlay is more cost-

effective compared to latex modified concrete (LMC) applications. However, as the 

difference between LMC and UHPC overlay becomes relatively small under some 

scenarios, further evaluation is suggested when more laboratory and field implementation 

data become available. In addition, some of the UHPC costs, especially material unit 

cost, may decrease in the future as the technology matures and the market demands mass 

production.  

 

8.6. FUTURE RESEARCH  

Based on the findings presented in this research work, the following aspects are 

recommended for future investigation: 

(1)     Validate further the performance of the 16 slab specimens by storing them outdoors to 

evaluate the performance under seasonal environmental variations. Pull-off tests can be 

conducted on the slabs to assess the bond performance at the interface layer and its 

variation with time.    
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(2)     Portions of the slabs can be saw-cut to subject and stored in a freeze/thaw chamber to 

monitor the performance of the various UHPC overlays in terms of debonding, 

delamination, and crack propagation. 

(3)     Sections of the cast slab elements can be cut to conduct flexural testing to evaluate the 

quality of the interface between the subbase concrete and UHPC overlay.  

(4)      In this study, the performance of the developed UHPC mixtures for bonded bridge deck 

overlays was evaluated through laboratory-scale investigation and validated on concrete 

pavement sections. However, for further validation, the performance (i.e., deformation 

and structural behavior) of such concrete should be verified under actual field conditions. 

This can involve the casting of overlays with thicknesses of 25, 38, and 50 mm (1, 1.5, 

and 2 in.) using proven UHPC and comparing their behavior with those of LMC used in 

actual bridge deck applications.   
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